Background {#Sec1}
==========

*Bacteroides* are dominant anaerobes of the human intestinal flora \[[@CR1]\]. These bacteria are auxotrophic for protoporphyrin IX (PPIX, which is metal-free) or heme (Fe-charged-PPIX) (collectively called porphyrins; for review; \[[@CR2], [@CR3]\]). Heme is the active moiety of numerous molecules, including blood hemoglobin. Heme is also toxic due to its oxidative effects \[[@CR4]--[@CR6]\]. Intestinal heme availability may vary between individuals, for example according to diet and overall health conditions \[[@CR7]\], and administered purified heme reportedly increases *Bacteroides* populations in the mouse gut \[[@CR8]\]. *Bacteroides* are capable of charging PPIX with Fe, and can thus fulfill their heme requirement when supplied with PPIX \[[@CR9]\].

Both heme and its PPIX precursor are found in human feces \[[@CR10], [@CR11]\]. In view of *Bacteroides*' strict porphyrin requirement, we hypothesized that fluctuations in natural porphyrin levels in the healthy host could impact *Bacteroides* intestinal colonization. However, sensitive measurements of heme and/or PPIX in healthy individuals are particularly difficult to obtain: Tests such as Hemoccult, which detect heme, are widely used in primary screenings for occult blood as a sign of colorectal disease \[[@CR12]\]. These tests have limited sensitivity due to quenching, and may not detect heme at levels present in individuals deemed as healthy. Likewise, commercially available or published biochemical tests, which measure minute amounts of heme, failed in our experience to detect heme in complex biological samples like feces. Other porphyrin detection tests require multi-step extraction procedures and/or have limited sensitivity (see for example \[[@CR10], [@CR11]\]). Porphyrin detection in biological samples, particularly in feces, may be important for understanding how these metabolites might impact the microbiota balance of the host. Yet no test to date is satisfactory for estimating porphyrin levels in feces of healthy individuals.

The quasi-strict heme (and in some cases heme or PPIX) requirement of numerous bacteria (reviewed in \[[@CR2]\]) led us to devise a porphyrin detection method, referred to as \"Heme-PPIX-Screen\", based on growth stimulation of *Bacteroides thetaiotaomicron* (Bt) and *Bacteroides fragilis.* As little as 1-4 ng porphyrins was detected in a sample, reflecting the extremely low amounts needed to stimulate *Bacteroides* growth. Our study using Heme-PPIX-Screen revealed two porphyrin sources for *Bacteroides* that may be used in the host intestine. This study provides a novel analytical tool and new results on the sources and potential impact of essential metabolites, heme and its iron-free precursor PPIX, for *Bacteroides* intestinal colonization.

Results {#Sec2}
=======

Heme-PPIX-screen setup to detect heme *via* Bt growth stimulation {#Sec3}
-----------------------------------------------------------------

A vertical gel setup was designed such that Bt was suspended in porphyrin-free medium in the gel. Samples to be tested are deposited in wells (Fig. [1a](#Fig1){ref-type="fig"}; see [Methods](#Sec11){ref-type="sec"}). Heme (Fe-PPIX), PPIX (no Fe), and heme breakdown products bilirubin and biliverdin were tested (Fig. [1b](#Fig1){ref-type="fig"}). Heme and PPIX (\>500 ng) both strongly stimulated Bt growth, as expected from *in vitro* studies \[[@CR9], [@CR13]\]. In contrast, neither heme degradation product stimulated growth, even at 5-fold higher concentrations. Iron (FeSO~4~ = 0.7 ng and FeCl~3~ = 8 ng) had no effect on Bt growth; no stimulation was seen around empty wells (data not shown). These results indicate that Bt growth stimulation is due to heme and PPIX, but not their breakdown products or iron. Equivalent stimulation was observed when *B. fragilis* was used as the indicator strain (data not shown).Fig. 1Heme detection setup and specificity of porphyrin detection. **a**. A vertical gel was set up with a 0.8 cm spacer. The gel comprised 0.6 % agarose and growth medium; *Bacteroides* (\~10^5^ cfu/ml) was resuspended in medium, which was then poured in the pre-warmed apparatus. Metal prongs (5 cm) were used to form the wells. Samples were loaded in wells, and gels were overlaid with a 5 ml, 1.2 % agar plug. *Bacteroides* growth stimulation was visualized as dense growth around wells after overnight incubation at 37 °C, as schematized for the rightmost well. **b.** Heme and PPIX, but not heme breakdown products stimulated *B. thetaiotaomicron* (Bt) growth. The indicated amounts of the tested products were loaded in wells of the gel setup described in \"A\". A \~0.5 to 1 cm no-growth-zone from the top of the gel was due to aerobic inhibition of *Bacteroides* growth

Porphyrins are detected in complex samples {#Sec4}
------------------------------------------

Feces are highly complex samples comprising digested foods, host-produced products, and usually, a wide range of microbes. Feces were collected from germfree and conventional colonized mice, and newborn and adult humans, and tested for their porphyrin content (Fig. [2a](#Fig2){ref-type="fig"}). Remarkably, all fecal samples scored positive in gels. Ground-up and acid-hydrolyzed mouse chow both tested negative, indicating that in these mice, food could be ruled out as a major porphyrin source (data not shown). Moreover, no signal was obtained when Bt was omitted from gels (data not shown), proving that the signal was due to Bt growth, and not penetration of bacteria from the fecal test sample. These results suggested that porphyrins contained in feces stimulated Bt growth.Fig. 2Heme detection in fecal samples. Feces of germ-free and conventional mice, and of newborn and adult humans were tested for their capacity to stimulate *B. thetaiotaomicron* growth in the gel setup. Feces samples resuspended to 100 mg/ml in 0.9 % NaCl were heated to 90 °C for 10 min; 50 μl (5 mg feces) was deposited in each well. Heme (310 ng) was used as control. The deposited samples are as indicated above each well. **a**. The gel contains Bt in M17-glu 0.2 %. **b**. The gel is as in \"A\", to which we added heme (2.5 μM) to mask the effect of heme supplied by samples. Note that baseline growth of Bt is stimulated by heme throughout the gel (region of the gel indicated at right by the green bracket). The same samples as in \"**A**\" were loaded. The gel shown was prepared without sugar to lower bubble formation due to CO~2~ production; however, comparable results are obtained in the presence of 0.2 % to 0.5 % glucose. The gels shown are representative of at least 20 germfree and 10 conventional mouse feces, and 5 meconiums and 3 human adult feces samples tested in this way

It was possible that *non*-porphyrin metabolites in feces samples were responsible for the observed Bt growth stimulation. However, as heme or PPIX is a growth prerequisite, we considered it likely that growth stimulation by any other metabolite would occur only if a porphyrin was available. We modified conditions to screen for non-porphyrin growth effectors. We reasoned that if heme was added to the gel in non-limiting supply, other factors stimulating *Bacteroides* growth might be revealed. To test this, we used the same samples and conditions as in Fig. [2a](#Fig2){ref-type="fig"}, except that 2 μM heme was added to the Bt-containing gel medium (Fig. [2b](#Fig2){ref-type="fig"}). As heme in the gel medium was in sufficient supply, no signal beyond background was observed around the heme-containing well (Fig. [2b](#Fig2){ref-type="fig"} leftmost well). Feces from germfree mice and meconium samples were negative in these tests, indicating that a porphyrin is the principal metabolite stimulating Bt growth in germfree (or quasi-germfree) individuals. In contrast, feces from colonized hosts clearly contained *non*-porphyrin metabolites that stimulated Bt growth once heme was supplied in the gel medium (Fig. [2b](#Fig2){ref-type="fig"}). Notably, the growth zone diameter surrounding feces from colonized hosts is markedly greater when heme is freely available (compare Fig. [2b](#Fig2){ref-type="fig"}, heme in the gel, to Fig. [2a](#Fig2){ref-type="fig"}, feces sample as sole porphyrin source), showing that PPIX and/or heme is a *sine qua non* requirement for Bt stimulation by any secondary metabolites. Thus, in Fig. [2a](#Fig2){ref-type="fig"} conditions, the amounts of porphryin in samples are growth limiting and determine the diameter of growth stimulation regardless of whether secondary metabolites are present.

These results confirm that fecal samples of healthy individuals contain porphyrins, independently of the nature of ingested food or of the microbiota. The confirmation that porphyrin is the limiting factor for normal *Bacteroides* growth validates the detection method as shown in Fig. [2a](#Fig2){ref-type="fig"}.

Feces samples contain heme {#Sec5}
--------------------------

Growth of the Bt indicator strain was activated by both heme and PPIX. To determine whether heme was indeed present in feces samples we used derivatives of *Lactococcus lactis*, a heme auxotroph \[[@CR2]\], as indicator strains, in particular a ferrochelatase mutant (*hemH*) that cannot charge PPIX with iron \[[@CR14]\]. The *hemH* indicator is thus heme-specific. As expected, growth of wild type *L. lactis*, like Bt, was stimulated by heme or PPIX (Additional file [1](#MOESM1){ref-type="media"}: Figure S1a); however, heme, but not PPIX, stimulated growth of the *hemH* mutant (Additional file [1](#MOESM1){ref-type="media"}: Figure S1b). Growth of a *cydA* mutant strain, which is defective for heme utilization, was not stimulated by either molecule (Additional file [1](#MOESM1){ref-type="media"}: Figure S1c). Three of the four tested feces samples stimulated growth on both wild type and *hemH* indicator strains, indicating that samples contained heme (compare Additional file [1](#MOESM1){ref-type="media"}: Figure S1e to S1d and f). Neither heme nor PPIX was detectable in the tested human adult feces sample; however *L. lactis* is a less sensitive indicator than Bt. A weaker signal on *hemH* than on the wild type *L. lactis* indicator suggests that PPIX may also be responsible for part of the detected signals. This result confirms that heme is present in the tested porphyrin-positive feces samples.

Semi-quantitative estimation of heme and PPIX {#Sec6}
---------------------------------------------

Two-fold dilutions of heme, ranging from 256 ng to 0.5 ng per sample, were loaded in a Bt gel (Fig. [3a](#Fig3){ref-type="fig"}). Growth halos were greater with increasing amounts of heme added to wells. The lower threshold of heme-mediated stimulation of Bt growth was approximately 1-4 ng heme per sample. The proportionality between the area of heme-stimulated growth and heme concentration was plotted using ImageJ ([Methods](#Sec11){ref-type="sec"}), and showed a linear-log relationship (Fig. [3b](#Fig3){ref-type="fig"}). In the tested range (1-256 ng heme), two-fold differences in heme concentrations affected the extent of *Bacteroides* growth. We also compared PPIX and heme stimulation in parallel. The same molar amounts of PPIX and heme stimulated Bt growth to similar extents, with about two-fold differences with a given porphyrin concentration (Additional file [1](#MOESM1){ref-type="media"}: Figure S2). The Heme-PPIX-Screen assay can thus provide semi-quantitative information on porphyrin availability.Fig. 3Bt growth stimulation as a function of heme concentrations. **a**. The amount of heme needed to stimulate Bt growth was determined by loading 2-fold dilutions of heme ranging from 256 to 0.5 ng per well. The lowest heme concentration detectably stimulating Bt growth was between 1-4 ng. **b**. Area of growth stimulation was quantified using ImageJ (V1.45 s; Wayne Rasband, National Institute of Health, USA). In black, the logarithmic regression curve of the equation y = 20600ln(x) + 21091, which describes the correlation between the amount of heme and the surface area of stimulated Bt growth, with a correlation coefficient of R^2^ = 0.99

The Heme-PPIX-Screen assay is highly sensitive for porphyrin detection in complex biological samples {#Sec7}
----------------------------------------------------------------------------------------------------

We compared the sensitivity of the Heme-PPIX-Screen assay to that of a heme detection test used clinically to measure occult blood in stool and urine. First, preparations of feces from a healthy human adult donor were spiked with increasing amounts of heme, ranging from 4 ng to 1024 ng (Fig. [4a](#Fig4){ref-type="fig"}). Using Heme-PPIX-Screen, feces samples without added heme gave a positive signal (Fig. [4a](#Fig4){ref-type="fig"} upper, as per Fig. [2](#Fig2){ref-type="fig"}). This is expected, as feces of healthy individuals are known to contain porphyrins (usually less than 400 ng heme per 5 mg feces sample \[[@CR15], [@CR16]\]). An increased signal was visible starting at 64-128 ng added heme, which was still within the healthy range. Plotting the area of heme-stimulated growth *versus* heme concentration showed a linear log relationship once endogenous porphyrin levels were surpassed by the added heme (as seen on 3 repeats of such gels; Additional file [2](#MOESM2){ref-type="media"}: Table S1). We note that compared to the standard with pure heme, the presence of feces lowered test sensitivity by 3- to 4-fold, suggesting that quenching occurs but is minor.Fig. 4Detection threshold of heme in fecal and urine samples by measuring Bt growth stimulation. **a**. Two-fold heme dilutions were prepared in a feces sample (100 mg resuspended in 1 ml 0.9 % NaCl) from a healthy human adult. Fifty microliters of a feces suspension supernatant (corresponding to 5 mg feces) were loaded per well. Upper, Heme-PPIX-Screen: heme was detected in all samples, including the feces sample without added heme (as in Fig. [2a](#Fig2){ref-type="fig"}). An increase in Bt growth stimulation is detected when 64 to 128 ng heme is added to samples, indicating that this amount is distinguishable over the background amount of heme present in a healthy individual. Lower, HemoccultII® test: The same samples as in \"Upper\" were deposited on the HemoccultII® test and processed as per manufacturer\'s instructions. The HemoccultII® detection limit of heme in feces was in the range of 512-1024 ng. **b**. Two-fold heme dilutions were prepared in a urine sample from a healthy human donor. Upper, Heme-PPIX-Screen: Heme was detected in all spiked samples, but not in the sample lacking heme. Heme was detected at the lowest amount added, i.e., 1 ng. Lower, Siemens Multistix™ 8SG test: Urine samples as above containing the same heme concentrations were tested with the Siemens Multistix™ 8SG dipstick routinely used to test hematuria and processed as recommended by manufacturer. The lowest heme concentration detected by Siemens Multistix™ 8SG was 4-8 ng. Quantified areas of growth stimulation are shown in Additional file [2](#MOESM2){ref-type="media"}: Table S1

We then tested the same spiked samples as above using the HemoccultII® test (Beckman Coulter), a biochemical heme test based on guaiac oxidation \[[@CR12]\] that has been widely used for primary screening of gastro-intestinal pathologies. Samples tested positive starting in the presence of 512-1024 ng heme, as reported (<http://www.bestcarelab.com/testsmenu/78.htm>) (Fig. [4a](#Fig4){ref-type="fig"} lower). In comparison, heme detection by the Heme-PPIX-Screen was about 100 times more sensitive than Hemoccult in our hands. Other heme detection tests have been described, and include multi-step extraction protocols; however, the detection threshold is usually high (e.g., 4 μM in reference \[[@CR6]\]). This compares to \~0.1 μM in the Heme-PPIX-Screen assay. These comparisons show that unlike known heme detection tests, only the present assay might be applicable to studies in healthy hosts.

Detection of small amounts of blood in urine may be an indication of pathology in the host, and heme detection is routinely performed in medical laboratories. We spiked urine from a healthy human volunteer with 1 to 256 ng heme per 50 μl urine samples. Using the Heme-PPIX-Screen, heme was detected at 1 ng in a 50 μl urine sample. Compared to the test using the Siemans Multistix 8SG™ dipstick as routinely used in clinical settings, heme was detected at a 4-8-fold greater sensitivity (compare Fig. [4b](#Fig4){ref-type="fig"} upper and lower). The heme signal in urine was estimated to be 4 to 5 times lower than that of the standard in pure heme (Additional file [2](#MOESM2){ref-type="media"}: Table S1). As normal urine samples are totally negative for porphyrins, samples could be compared for semi-quantification against controls prepared in urine as sample diluent.

These comparisons indicate that if heme or PPIX is present in a complex biological sample, it will be detected using Heme-PPIX-Screen samples without the need for prior extraction or purification, while equivalent quantities would escape detection by other tests. However, as Heme-PPIX-Screen detects both heme and PPIX, a positive signal would more generally indicate that porphyrins are present. Detecting variations in porphyrin concentrations could prove useful in studies of Bt colonization or low-grade inflammation, for which both heme and PPIX play a role \[[@CR10], [@CR11]\]. This test would also detect very low amounts of porphyrins in urine, which is associated with urinary tract pathologies \[[@CR17], [@CR18]\]. As biological samples result in some signal quenching, heme quantification could be best estimated by preparing control samples in the same biological context as the samples to be tested.

*E. coli* cross-feeds porphyrins to stimulate Bt growth {#Sec8}
-------------------------------------------------------

*E. coli* is a common constituent of the human microbiota, and is among the first species to transiently dominate the naïve newborn intestinal flora \[[@CR19]--[@CR21]\]. *E. coli* populations may vary in the host, e.g., after antibiotic treatments \[[@CR22], [@CR23]\]. The *Escherichia* synthesize heme, and *E. coli* reportedly secretes heme precursors into the medium \[[@CR24]\], leading us to ask whether it could also donate porphyrins to stimulate Bt growth. Wild type (WT) *E. coli* MG1655, a *hemA* mutant derivative that is defective for heme biosynthesis, and MG1655 (pHemA), which overexpresses porphyrins \[[@CR25]\], were tested on the Heme-PPIX-Screen setup. The MG1655 and MG1655 (pHemA) strains tested positive as porphyrin donors. However, the *hemA* mutant failed to stimulate Bt growth, confirming that the stimulatory factor is a porphyrin (Fig. [5](#Fig5){ref-type="fig"}). Whole cell *E. coli* cultures and filtered culture supernatants were both positive and gave comparable results. These results showed that *E. coli* stimulated Bt growth by cross-feeding porphyrins.Fig. 5*E. coli* releases porphyrins that stimulate Bt growth. The Heme-PPIX-Screen setup was used to determine whether *E. coli* stimulates Bt growth. *E. coli* WT, ∆*hemA* (heme biosynthesis pathway inactivated), and pHemA (*E. coli* MG1655 containing the pHemA plasmid that induces porphyrin overexpression \[[@CR25]\]) were grown overnight. Supernatants of overnight cultures were heated to 90 °C for 10 min and then filter-sterilized, and deposited in the wells

To know about the nature of the secreted porphyrins, we tested *E. coli* supernatants on the *L. lactis* WT and *hemH* indicators. As the signal was not strong enough to be detected by either *L. lactis* strain, we added δ-aminolevulinic acid (100 μg/ml) to *E. coli* cultures, which stimulates the heme biosynthesis pathway \[[@CR26]\]. In these conditions, stimulated growth was observed for both WT and *hemH* indicator strains but not the negative control *cydA* strain (Additional file [1](#MOESM1){ref-type="media"}: Figure S1g-i). Growth stimulation of the *hemH* indicator strain confirms that heme is among the porphyrins released by *E. coli* in these conditions.

Discussion {#Sec9}
==========

As porphyrins are essential for normal *Bacteroides* growth, these metabolites would expectedly have a growth-limiting role in the intestinal environment \[[@CR3], [@CR8]\]. To date, no reliable measure of intestinal porphyrins was available at concentrations present in the healthy host. Here we exploited *Bacteroides* heme auxotrophy to devise the Heme-PPIX-Screen. To our knowledge, bacterial growth was not previously considered as a means to detect porphyrins in samples. The method is simple and highly sensitive, and has the main advantage of functioning in complex samples of essentially any nature, as shown here using several examples. In comparison, biochemical tests measuring heme or PPIX show low sensitivity due to strong quenching, and/or may involve laborious extraction steps. We estimate the detection threshold to be 1-4 ng heme or porphyrin per test sample, based on tests with pure porphyrins, or with heme added to feces, urine, or bacteria. *Bacteroides* are thus highly sensitive indicators due to their extreme dependence on porphyrins for normal growth \[[@CR27]\]. The test developed here will allow new questions to be addressed on the factors affecting intestinal microbial equilibrium. The Heme-PPIX-Screen test is well-suited to addressing research questions, in particular those concerning the impact of diet, inflammation, and the microbiota on porphyrin availability in the intestine. Such questions are currently under study in our laboratory using this test.

While Heme-PPIX-Screen is a highly sensitive test, it does have limitations for use. First, samples from a host being treated with antibiotics might inhibit *Bacteroides* growth, in which case the inhibitory zone could override the heme detection zone; this type of event is immediately visible on the gels. Second, the test detects both PPIX (without iron) and heme. While detection of both molecules is medically useful, a refined reporter strain, i.e., which is mutated for its ferrochelatase, could confer specificity for heme. Although *Bacteroides* does not encode a ferrochelatase homolog, it does carry a "deferrochelatase", as identified in *E. coli* \[[@CR28], [@CR29]\]; its inactivation could prove useful for limiting detection exclusively to heme.

Growth-based heme detection could potentially be further simplified: While *Bacteroides* are described as anaerobes, they do tolerate low amounts of oxygen \[[@CR30]\], which makes handling straightforward. Use of a more oxygen-tolerant Bt strain could further simplify culture preparation: a recent study revealed the existence of naturally arising *B. fragilis* mutants with higher oxygen tolerance, which acquired mutations in a conserved flavoprotein (BF638R_0963; \[[@CR31]\]). Addition of a fluorescence marker to *Bacteroides* \[[@CR32]\] might also simplify semi-quantification of growth stimulation.

A main finding using the Heme-PPIX-Screen is that intestinal contents of healthy germfree and colonized mice and humans provide low amounts of heme and PPIX that we propose meet the *Bacteroides* requirement during intestinal colonization. Primocolonization of newborns is a complex process, and bacterial establishment is highly variable \[[@CR21]\]. We speculate that variations in porphyrin concentrations among newborns may influence the efficiency of primo-colonization by *Bacteroides*, and possibly other species; this hypothesis is being tested in our laboratory.

A second main finding is that a bacterium of the intestinal microbiota, *E. coli*, is a potential porphyrin donor. Porphyrin cross-feeding may be relevant in vivo, i) in intestinal dysbiosis conditions when *E. coli* populations are high \[[@CR22], [@CR23]\], and ii) during primocolonization, when *E. coli* might be among the first populations to colonize the intestine \[[@CR21], [@CR33]\]. The test developed here opens perspectives for understanding ecological interactions based on porphyrins.

The importance of the non-heme/PPIX metabolites was uncovered in this study when porphyrins were no longer growth-limiting: feces from colonized adult humans but not newborns, and from conventional but not germfree mice, donated one or more metabolites in addition to porphyrins that stimulated *Bacteroides* growth. By adding heme in the gel (as in Fig. [2b](#Fig2){ref-type="fig"}), the *Bacteroides*-based growth stimulation test could thus have an alternative application for identifying bacterial partners that supply *Bacteroides* with metabolites other than porphyrins. Importantly, the Heme-PPIX-Screen is valid even in the presence of secondary metabolites, as porphyrin is the limiting factor that determines the area of *Bacteroides* growth stimulation.

Conclusions {#Sec10}
===========

Heme and PPIX are central metabolites whose presence in the gut i) may lead to shifts in microbiota populations, and ii) is associated with dysbiosis \[[@CR6], [@CR8]\]. Porphyrin detection in complex biological samples at normal physiological levels as allowed by our test should be useful for obtaining an understanding of their effects on bacterial equilibrium in the gut.

Methods {#Sec11}
=======

Strains and growth conditions {#Sec12}
-----------------------------

The Bt type strain VPI-5482 was from the collection of S.Rabot (INRA, Jouy en Josas, France). *Bacteroides fragilis* ADB77 was generously provided by Michael Malamy (Tufts University, USA;\[[@CR30]\]). *E. coli* strain MG1655 (referred to as WT) is a K-12 laboratory strain descendent of a stool culture taken in 1922 (<http://www.genome.wisc.edu/resources/strains.htm>). The *hemA* mutant is a MG1655 derivative constructed by P1 transduction from the *E. coli* C600 *hemA::km* (kanamycin resistant gene insertion) strain, kindly provided by Cécile Wandersman (Institut Pasteur, France; \[[@CR34]\]). The *hemA* overproducer plasmid was kindly sent to us by the Schmidt-Dannert lab (U. Minnesota, USA; \[[@CR25]\]). *L. lactis* MG1363 carrying pIL253 (carrying an erythromycin resistance determinant), and MG1363 *hemH* and *cydA* (both erythromycin resistant) strains were from our laboratory collection \[[@CR14]\].

Bt cultures were routinely started from 50 μl frozen aliquots prepared as follows: An overnight culture was prepared in M17-glu (glucose 0.5 %) containing heme (10 μM) and cysteine (4 mM); the culture was washed and resuspended in fresh M17-glu containing 15 % glycerol and then aliquoted anaerobically and frozen. For all experiments, Bt cultures were prepared as follows: a frozen aliquot (10 μl) was thawed and resuspended in 10 ml M17-glu (without heme) and grown overnight at 37 °C in an anaerobic chamber (Sheldon Manufacturing Inc., USA) or an anaerobic jar using gas packs (GENbox anaer, BioMerieux). *B. fragilis* cultures were grown as for Bt. *E. coli* strains were grown for heme donation screening in M17-Glu in static conditions at 37 °C. The *E. coli* pHemA strain was grown with 10 μg/ml chloramphenicol. Supernatants of overnight cultures were heated to 90 °C for 10 min and then filter-sterilized, and deposited in the wells. Use of supernatants and heat treatments improved gel resolution, and in the case of the *E. coli* (pHemA) culture was used to inactivate chloramphenicol. *L. lactis* strains were cultured in M17-glu liquid or solid medium with 5 μg/ml erythromycin. Overnight cultures were diluted 1:100 in M17-glu for porphyrin detection tests.

Additives used in growth assays {#Sec13}
-------------------------------

Heme, PPIX, biliverdin, and bilirubin were prepared as 20 mM stock solutions as described \[[@CR35]\]. Delta-aminolevulinic acid (ALA: Sigma) was added to *E. coli* cultures at 100/μg per mL.

Commercial heme detection tests {#Sec14}
-------------------------------

HemoccultII® for detection of heme in feces was purchased from Beckman Coulter (France), and used according to instructions provided with the kit. Multistix™ 8SG (Siemens Healthcare, Germany) for detection of heme in urine was supplied by the INRA-Jouy en Josas campus medical office.

Setup to screen for heme-containing samples that stimulate *Bacteroides* growth {#Sec15}
-------------------------------------------------------------------------------

A vertical gel set-up (Fig. [1a](#Fig1){ref-type="fig"}) with 0.8-cm spacers was filled with 0.6 % agar-medium (usually M17-glu unless specified) comprising \~10^5^*Bacteroides* colony forming units (cfu) per ml. The test was named \"Heme-PPIX-Screen\". In experiments to control for signal specificity, heme (2 μM) was added to *Bacteroides*-containing agar so as to mask growth stimulation due to porphyrins and visualize growth stimulation due to non-porphyrin-metabolites. When heme was added to the gel matrix, sugars were omitted or amounts were reduced to 0.2 % as a means of limiting gas production; note however that residual sugars and possibly other carbon sources in rich medium were sufficient for Bt growth. We designed a \"comb\" comprising 5 cm-long metal prongs embedded in a hard plastic bar, which was inserted in the gel prior to setting to create deep wells into which test samples were deposited. Bacteria were added to medium just prior to pouring into a pre-warmed gel apparatus. Samples to be tested were deposited in the wells, and gels were then overlaid with a 5 ml, 1.2 % agar plug. As the gel was enclosed by glass plates, bacteria were in oxygen-depleted conditions, so that gels could be handled and incubated in ambient air. Gels were incubated at 37 °C overnight (\~16 h), and then examined for Bt growth stimulation and photographed. To correlate growth stimulation with heme concentration, the surface area of growth stimulation was determined using ImageJ (V1.45 s; Wayne Rasband, National Institute of Health, USA), and then plotted against the log of the heme concentration.

Fecal and urine sample preparation for heme detection {#Sec16}
-----------------------------------------------------

Feces were collected from conventional and germfree mice that were routinely raised in our on-campus animal facilities. Human fecal and urine samples were collected from healthy newborns with parental consent (Professor Claire Poyart program director, Hôpital Cochin, Paris, France), or from healthy human laboratory volunteers. Procedures were carried out in accordance with the Declaration of Helsinki, European Guidelines for the Care and Use of Laboratory Animals, institutional guidelines, and with permission 78-58 of the French Veterinary Services. All samples were used immediately or stored at --80 °C prior to testing.

For heme detection in feces samples, feces were resuspended (100 mg/ml) in 0.9 % NaCl and samples were heated to 90 °C for 10 min to avoid bacterial outgrowth. In some experiments, feces samples were centrifuged and supernatants were used. Similar results were obtained in the absence of heating, but sometimes resulted in bubble formation in gels. For heme detection in urine, a urine sample was used undiluted. In both cases the above-prepared samples were spiked with 2-fold dilutions of heme prior to loading 50 μl samples in wells.

Bacterial sample preparation for heme detection {#Sec17}
-----------------------------------------------

Overnight cultures of *E. coli* strains were used directly after heating at 90 °C for ten minutes. Alternatively, culture supernatants were filtered and then heated to 90 °C for 10 min prior to loading 50 μl in wells.

Additional files {#Sec18}
================

Additional file 1:**Figure S1.** Heme constitutes part of the porphyrin signal in feces and bacterial samples. *Lactococcus lactis* is a heme auxotroph whose growth is stimulated by heme \[[@CR14]\]. *L. lactis* wild type (WT) and ferrochelatase-defective (*hemH*) strains, and a mutant that cannot utilize heme (*cydA*) were used as indicator strains to determine whether heme is produced by test samples. The *hemH* --minus strain lacks the capacity to charge PPIX with iron, and thus growth is not stimulated. Samples are: a-c, PPIX and heme (5 μL of 10 μM stock solutions, as indicated). Note that PPIX does not stimulate growth of the *hemH* indicator; d-f, feces from axenic and conventional (Conven) mice, and from human meconium and adult. Note that in each case, 5 mg of a same sample were deposited on the plates; g-i, filtered supernatants of a WT *E. coli* strain that was grown aerobically overnight in LB supplemented with delta-amino levulinic acid to stimulate heme synthesis \[[@CR26]\]. In the lower panels, the weak signals obtained for *E. coli* were Photoshop-amplified by the "automatic levels" option used simultaneously for the three spots. The presence of heme in feces and *E. coli* samples is revealed by zones of stimulated growth in the *hemH* indicator strain (central panels). **Figure S2.** Heme and PPIX stimulate *Bacteroides* growth. A. Identical molar amounts of heme and PPIX were tested for their capacity to stimulate *Bacteroides* growth. *Bacteroides*growth was stimulated when either heme or PPIX was added at 0.1 μM (equivalent to approximately 3 ng). The absence of detectable signal in the central well shows the background level when no sample is added. The gel was prepared in M17 containing 0.5 % glucose into which 7.10^5^ Bacteroides was added per ml agar (see [Methods](#Sec11){ref-type="sec"}). B. Areas of growth stimulation were quantified using ImageJ (V1.45 s; Wayne Rasband, National Institute of Health, USA). (DOCX 1157 kb)Additional file 2: Table S1.Heme-PPIX-Screen detection of pure heme or in biological samples. (XLSX 20 kb)
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